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NATIONALADVISORYCOMMITTEEFORAERONAUTICS
TECHNICALNOTE2498
FLIGHTINVESTIGATIONOFTHEEFFECTOF
ATMOSPHERICTuRBumNcEoNTHEcLIMf3
PERFORMANCEOFANAIRPLANE
By HarryPressandHerbertC.McClanahanjJr.
Theresultsofan investigationconsistingofa seriesofone-engine
climbtestswitha twin-enginetransport@lane indicatethatlight
turbulenceofthetypegenerallypresentin clearairoverflatterrain
hasno significanteffectontheaveragerateofclinibfora seriesof
runs. Turbulencedoes,however,increasethevariationintherateof
climbfromruntorun. Thestandardeviationof therateof climb
betweenrunsattributabletoturbulencedecreasesrapidlywhentheclimb
durationis increasedfrom1 to~ minutes.Theeffectsofatmospheric
turbulenceon thevariationsintherateof climbappearedtobe largely
independentofthecenter-of-gravi~location.
INTRODUCTION
Atmosphericturb~enceisoqeofthefactorswhichaffecthe
realizableclimbperfomnanceof anairplaneinflight.Althoughthe
effectsofatmosphericturbulenceontherealizableperformanceofan
airplaneinflighthavebeenthesubjectofa numberof investigations,
theeffectsareasyetneitherknownnorunderstood.Theres~tsof
variousinvestigationsappeartobe inconclusiveand,insomecases,
contradictory.Experimental‘resultsreportedinreference1, forexample,.
indicatethatanappreciabler ductionin%irplaneperformance,.results
fromtheactionofatmosphericturbulence.“ontheother~nd, a t&-o-
retlcalanalysispresentedinreference2 suggeststhattheeffectsof
atmosphericturbulenceonairplaneperformanceareon thewholesmall
andacttoincreasetherealizableperfomnance.Thevalidityofthe
resultsofreference1 hasbeenquestionedbecausethelargedifference
inaltitudebetweenthesmooth-andrough-airtestsnecessitatedlarge
correctionsinthereductionsofthedata. Thetheoreticalnalysis
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ofreference2
thedefinition
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necessarilywffersfromvariousimplifications,bothin
ofatmosphericturbulenceandintheanalysisof airplane
motionsina turbulentatresm.Becauseoftheselimitations,further
investigationofthisproblemseemedestiable.
In ordertodeterminesomeoftheeffectsofturbulenceon climb
performance,a seriesofflight estsin _th airandundercon.
ditionsoflightturbulencewitha twin-enginetramportair@anehave
beencompletedby theNationalAdvisoryCommitteeforAeronautics.
Primaryinterestintheeffectsofatmosphericturbulenceonclhb per-
formanceis concernedwiththeconditionofreducedpowerassociated
withanenginefailurewherethefurtherlossofabili~to climbmay
resultina dangerousconditionoran accident.In ordertomakethe
resultsdirectlyapplicabletotheone-engine-inoperativeconditionona
multienginedairplaneby includingtheeffectsassociatedwithreduced
andasymmetricalpower,thepresentestswererestrictedtotheone-
engine-inoperativecondition.Sincetheeffectsofturbulencemight
verywithairplanelongitudinalstability,flightestsweremadeattwo
center-of-gravitylocations.
o
Thispapersummsrizestheprimsryresults
obtainedinregezdtotheeffectofturbulenceontheaveragerateof
climbandonthevariationsintherateofclimbbetweenseparateclimbs. r
t Someeffortisalsomadeto investigatehecharacteristicsoftheati-planeflightpaththatgiverisetothevariationsintheratesof clinib.
~T l?R”mmS ANDCONDITIONS
Testflightsweremadewitha tw.h-enginetransportairplane.The
*plane characteristics-aresummarizedintableI. A torqpemeterwas
installedontheo~rativeengineinordertoprovidea measureofthe
actualpoweroutput.StandardNACArecordi~instrumentswereusedto
measure’airspeed,staticpressure,normalacceleration,tree-airtempera-
“ tu.re,torquepressure,androtational-speed.~ recordsweresynchro-
..
nized”~tban&WA Wmer-wtichmarked therecor&at~- secondintervals.
Theairplanewetghtwascontrolledascloselyasoperationally
pssibleandaveragedabout24,200pounds.Theweightsforindividual .
runs,however,weresometimesseveralhundredpoundsaboveorbelowthe
average.Theclinibtestswere”madeatan indicatedairspeedof~ miles
perhour(thetake-offsafetyspeedforthisairplane);thisspeedwas
chosenbecauseitw-ascloseto-thebestangle-ofclimb.Theairplane
configurationwasclean-forall-runs;thatis,theflaps’andlanding .
gearwereup. In ordertu”determinetheeffectsoflongitudinalstability
onthecli.rfibperformance’in.ro@&atij. a forwardcenter-of-gravity .
position(12.9~ercentM:A.C.)wasused-foraaet:o$eight,flightsand
a resrwardcenter-of.-gravi~position(26.3perc&tM.A.C.)wasused,for
.
.
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anothersetof
runsandabout
Thispowerwas
andtoprovide
eightflights.
950horsepower
Theleftengine
at2,550m WLM
3-
wasfeatheredforall
usedontherightengine.
chosentominimizeffects-duetohighpowersettings
a lowrateof climbinordertorestricthealtitude
rangeofthetests.
Thepilotswereinstructedtoattempto holdtheairplaneina
constantclimbattitudeby flyingtheairplanewithwingslevelandno
changeinheading.Theywerecautionedtousegradualstickmotionsin
orderto correctminordeviationsinattitudeorairspeed.
Eachflightconsistedoffromfourto sevenclimbrunseachof
about5-minuteduration.Climbrunsweremadeoverlevelterrainfrom
about2,000to 3,000feetaboveterrain.No strongeffortsweremade
tomakeflightsunderconditionsof severeturbulence,flightdaysbeing
primarilydeterminedby theavailabilityoftheairplane.Testruns
weremadeinclearairduringthemorningandafternoonhours.The
turbulenceencounteredwasingeneralightandisconsideredrepresenta-
tiveof theexperienceofI@rmaltrans~rtoperationsundersimilar
conditionsofterrain,weather,andseason.Themaximumeffectivegust
velocityencounteredduringthesetestswasabout10feetpersecond.
‘ANALYSISANDRESULTS
Theobservedratesofclimbforeachrunwerecorrectedto geometric
ratesof climb,anaverageweightof24,2oopounds,a standardaltitude
densityof 4,000feet(theaverageforthepresentests),and950horse-
powerinaccordancewiththeperformancer ductionmethodsoutlinedin
appendixA. No correctionswerenecessaryforspeedchangesbecause
thebeginningandendofa runwerepurposelyselectedto insureno
airs~edchange.TableIIpresentstheratesof climbandtherun
durationforeachrun.
Theselectionofanappropriatescaleforatmospheric_@rbulence:
issomewhatarbitrary.Twotypesofturbulencemay%e important;he
longwavemovementswhichtendtoliftor droptheairplaneasa free
particleandtheturbulenceofthescaleoftheairplanesizewhich
resultsinnormalaccelerationsandrotationsoftheairplanewhichmay
introduceaerodynamiceffectsontheairplaneliftor drag.Thepresence
ofonescaleof turbulenceisprobablygenerallyassociatedwiththe
existenceoftheotherscaleof turbulence.Inasmuchasnormalacceler.
ationshavebeenusedsuccessfullyasa measureofturbulenceinregard
to structuralstudies,theywerealsousedinthepresentstudy.
Althoughthenormalaccelerationsarea functionoftheairplaneairspeed,
theuseoftheaccelerationdatadirectlywaspermissibleinthepresent
casesincetheairspeedforallrunswasheldconstant.
.
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Theaccelerationexperienceinroughairgenerallyconsistedina .
seriesofaccelerationi cremetisofvariousintensitieswhichcanbe
summarizedintheformofa frequencydistribution.Thefrequency
distributionf accelerationi crementsforeachrunwasconsequently .
evaluatedandthedistributionsaresummarizedintablesII(a)andII(b)
fortheforwardandrearwardcenter-of-gravi~positions,respectively.
Considerationofthefrequencydistributionsofnormalacceleration
experiencedoneachoftheruns-indicatedthatavailabletestdatacould
be dividedintothreeclassesofturbulenceintensity.Althoughthe
particularscalechosenwasarbitrary,theseparationusedgavea roughly
equalnumberofrunsforeachclassofturbulenceintensity.The
particularclassificationusedisasfollows:
;lass IntensiW
I Smooth
II Intermediate
III Rough
Description,
No accelerationi crementsequalto
or grea~rthanO.10g
Morethanzerobutlessthanfive
accelerationi crementsperminute
greaterthanO.10g
Morethanfiveaccelerationi crements
perminutefzyeaterthanO.10g
TheturbulenceclassofeachrunIs alsogivenintableII.
Themeanratesof &bib andthestandardeviations(reference3)
werecomputedforeachdegreeofturbulenceintensimandeachcenter-of-
gravitypositionandaresummarizedintableIII. Itwillbe notedthat,
ifthefrequencydistributionis assumed to be a normaldistribution,
itis completelyspecifiedbythetwoparameters,themeanandthe
standardeviation.As a furtherstatistic,thestandardeviationfor
themeanvalueisalsogivenforeachtestconditionintableIII. This
valuerepresentsa measureofthereliabilityofthemeanvalue.The
meanratesof climbandthestandardeviationsasa functionof
turbulenceintensiwareshowninfigures1 and2,respectively,forboth
theforward-andrearward-center-of-gravitytests.Therelativefrequency
orprobabilityof a valueofrateofclindfallingbelowgivenvalues
is showninfigure3 forbothsmoothandroughair. Thecurvesshown
wereobtainedby fittingnormaldistributionstotheobservedatain
accordancewiththemethodsofreference3.
In ordertoinvestigatehenatureoftheairplaneclimbin~eater
detail.andto obtainabetterinsightIntothecharacteristicsofthe
e,
effectsofatmosphericturbulenceontheairplaneflightpath,further’
analysiswasconsideredtobe desirable.Ithasbeensuggestedthatthe
b
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natureof turbulenceactionontheairplaneflightpathissuchasto
causerelativelyshortperiodoscillationsaboutsomemeanflightpath.
Underthisconcept,thestandardeviationof therateof climbwould
be expectedtodecreaseasa directfunctionofthedurationoftheclimb.
Sincethispointisof sometiportancein cmnectionwithpresentinter-
nationaldeliberationson climbstandards,someeffortwasmadeto
examinethenatureoftheairplaneoscillationsaboutanaveragepath.
Worneachtestrunanarbitraryperiodcoveringhm@utes was
selected.Thesek-minuterunswereseparatedintofourindividual
minutesandtherateof climb,correctedforspeedchange(a~endixA),
foreachminutewasnoted.ThesedataaresummarizedintableIV(a)
fortheforward-center-of-gravitytes flightsandintableIV(b)forthe
rearward-center-of-gravitytestflights.Theintensityofturbulencefor
eachminutewasrepresentedbytheturbulenceclassificationf rthe
entirerun. A checkindicatedthattheclassificationofturbulence
intensi~fortheindividualminutesofeachrunonthebasisofthe
turbulence-intensityclassificationpreviouslyoutlinedidnotmaterially
affectheresultsobtained.Averageratesofclimbfor2-minuteperiods
wereobtainedby averagingthevaluesforthefirstandsecondminutes
andforthethirdandfourthminutes.Meanvalues,standardeviations,
andstandardeviationsofthemeanwereobtainedforeachofthe
l-minute,the2-minute,andtheentireh-minuteruns. Thesedataare
summarizedintableV. Figure4 summarizestheresultsobtainedfor
thevariationinthestandardeviationoftherateof climbasa function
ofthe
A
ofthe
durationofrun. .
PRECISIONOFRESULTS
largenumberof
rateof climb.
sourcesoferrorsrepresentinthemeasurement
Theseerrorsarisefrominstrumentinaccuracies,
record-readinginaccuracies,andtheapproximatenatureoftheperformance
reductionmethods.Forthemostparttheseerrorsareconsistentand
affectheabsolutevaluesoftherateof climb.Forthepresentinvesti-
gation,inwhichcomparativeratesof climbundervariousconditionsare
ofinterest,mostoftheseerrorshavelittleinfluenceontheresults.
Theprimarysourcesoftherandomerrorsaffectingthepresentresults
srebelievedto arisefromtheerrorsinthedeterminationof theheight “
changeandtheinaccuraciesofthereductionmethodsused. Theprecision
withinwhichtherateof climbcanbe’determinedisalsoa functionof
rundurationinasmuchasth6errorsinvolvedindetetiningthealtitude
changeandin thereductionmethodsarelargelyofan absolutenature.
ThuE,forrunsoflongerdurationtheerrorsin therateof climbwill
be averagedovertimeandreduced.
.—.—. .— -—— —.
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Theclimbreductionprocedureusedhereinresultedinadjustments
tot+eobservedratesof clinibwhichwere,ingeneral,smallandonly
rsrelyexceededa totalcorrectionvalueof25 feetperminute.Thus,
allowinga totalerrorinreductionmethodsof20 percentgiveserrors
inthecorrectionfactorsgenerallybelow5 feetperminute.hom
considerationsftheerrorsinthedeterminationoftheheightchange
andinthereductionmethod,itisestimatedthatthevaluesoftherate
ofclinlhobtainedforindividualrunssrereliabletowithin*1Ofeet
perminuteforthe5-minuterum andto ashighas25 feetperminute
fortheshortes%rundurationsof1 minute.
Thevariationsinclimbperformanceundersmooth-airconditions
notedinthepresentresultsareperhapsthebestmeasureoftheover-
alltestprecision.Thesevariationswhichforman integralpartofthe
presentanalysis,aswillbe notedinthediscussionofthepresent
results,ingene&1substantiateheestimates
—
ofprecisiongivenhlerein.
.
DISCUSSION
~,
Meanrateof climb.-Considerationftheresultshowninfigure1
indicatesno consistentchangeinthemeanrateof climbwithturbulence
intensityfortheflightseitherwiththeforwardorwiththerearward
center-of-gravityposition.Althoughsmalldifferencesintheaverage
ratesof climbareevident,statisticalcriteriaindicatethat,because
ofthesmallsamples,theobsezwedifferencescannotbe considered
significantbutmaybe dueto chance.Theflight estsattherearward
center-of-gravi@positionyieldratesof cltibconsistentlygreater
thanthoseattheforwardposition,thedifferencesvaryingfrom7 to
25feetperminute.Thesedifferencesbecauseoftheirconsistencyare
statisticallysignificantandsreapparentlytheresultofa decrease
ininducedragassociatedwiththereducedwingliftanda smaller
negativetailloadwiththerearwardmovementofthecenter-of-gravi~
position.Calculationsindicatedthatthedifferencesintherateof
cltibobtainedinthesetestsarereasonable.
Standardeviationoftherateofclimb.-Examinationffi&e 2
indicatesthatthestandardeviationsoftherateof climbincrease
fromsmoothtoroughairforboththeforwardandrearwardcenter-of-
gravitypositions.Thestandsrdeviationoftherateof cltibincreases
fromabout14 feetperminutein smoothairtoabout27 and32feetper
minuteinroughair. Thisresultis statisticallysignificantand
indicatesthatappreciablymorescatterintherateof climbmaybe
anticipatedunderconditionsofturbulencethanin smoothair. Thefigure
slsoindicatesthatthevariationsintherateof cltibaresomewhat .
greaterfortheforwsrd-center-of-gravitytes sthanfortherearward-
center-of-gravitytests;however,thedifferencesbetweensmoothand
.—.- —
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roughairaresmallandarenotstatisticallysignificant.Itmaythere-
forebe concludedthattheeffectsofturbulenceonthevariationsin
therateof climbarelargelyindependentofthecenter-of-gravity
position.
Inviewoftheequivalenceofthemeanrateof climbin smooth
androughairandthegreatervariationofrateofclimbinroughair,
therealizableclimbperformanceinroughairwillfallbelowcritical
valuesbelowthemeanwitha greaterfrequencyinrough air thanin
smoothair. Figure3, whichshowstheprobabili~oftherateof climb
fallingbelowgivenvaluesforthepresentestconditions,indicate6
thatlowvaluesofclimbperformancewilloccurwitha fargeater
probabilityinroughairthanin smoothair. Forexample,theresults
indicatethata rateof climbabout20feetperminutebelowthemean
value(lb ft/min)willoccurroughly3 timesasfrequentlyinrough
airas in smoothairfortheforward-center-of-gravityresults.For
therearward-center-of-gravitytests,a rateof climbroughly20feet
perminutebelowthemean(155ft/min)occursabout6 timesasfrequently
inroughairas insmoothair.
Thecontributionsofturbulencetothevariationsintherateof
climbmaybe separatedfromthecontributionsdueto othercausesby
usingthetheoryoferrors.Thislseparationmaybe effectedby using
thevariances,thesquaresofthestandardeviations.Forthepresent
results,thevarianceoftheratesof climbconsistsofthevariance
associatedwiththebasicprecisionofthetestsandthecontributions
associatedwiththeeffectsofturbulence.Thevarianceofthesmoth-
airtestresultsmaybe consideredtorepresenta measureofthetest
precision.Thevarianceoftheratesof climbinsmoothairmaybe
attributedto errorsinaltitude,airspeed)=d teveraturemeasurements
wind-gradienteffects,errorsinweightestimation,minordeviationsin
torquepressure,rotationalspeed,andmanifoldpressure,andinaccura-
cies’intheperformancer ductionmethodsandpiloting’influences.The
varianceoftheratesofclinhinroughairarisesfromallthefactors
associatedwiththesmooth-airconditionplustheeffects‘ofturbulence
whichincludeboththetranalatoryandrotationalmotionsoftheairplane
andtheeffectsofpilotandturbulenceinteractions.
.
,
Fromtheseconsiderations,thecontributionto thevariancedueto
turbulencealone ut2 maybe obtainedby therelation
,
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where
a totalstandardeviationof”ratesof
(classIII)
as standsrdeviationof.ratesof climbthetestprecision
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climb obtainedinroughair
obtainedin smoothairor
Iftheforegoingrelationbetweenthevariancesisused,the
followingvaluesof at areobtainedfranthedataoftableIII:
at forforwardcenterofgravity,feetperminute. . . . . . . .29.5
at forresrwsrd-centerofgravi~,feetperminute . . . . . . . 24.0
Theseresultsindicatethatforrunsof about5 minutes,turbulenceof
thetyperepresentedinthepresentestsintroducesa standardeviation
totherateofclinibof about27feetper minute.
.
Effectsof cli.uibduration.-Examinationffigure4 indicatesthat
thestandardeviationoftherateof climbdecreasesconsistentlyfor
alltestconditionswhenthedurationofrunisincreased.Thisresult
isto someextenta consequenceofthbgreaterprecisionintestingthat
maybe obtainedfortheaverageratesof clhb inrunsoflongduration
butisalsoassociatedwiththecharacteristicsofturbulenceeffect
ontherateofclhib.Forsmoothair(classI),thestandardeviation
oftherateofclinibdecreasesfromabout27 to14feetperminutefor
thetestsatbothcenter-of-gravi~positionswhenthsclimbduration
increasesfrom1 minuteto 4 minutes.Fortherough-airtests(classIII),
thestandardeviationofrateof climbdecreasesfrom85feetperminute
forthel-minuterunsto 36feetperminutefortti4-minuteruns
forthetestsattheforwsrd center-of-gravi~position.Forthetests
attherearwardcenter-of-gravitypositionthedecreaseisfrom65feet
perminuteforthel-minuterunsto 33feetperminuteforthe4-minute
runs.
Iftherelationshipderivedpreviouslyforthestandardeviation
attributabletoturbulenceisused,valuesof at canbe derivedfrom
theavailabledatafortherunsof1 minute,2 minutes,and4 minutes
forboththeforwsrd-center-of-gravitytes sandtherearward-center-
of-gravi~tests.Theresultsob@inedareswmnsrizedinfigure5. In
addition,thevaluesofthestandardeviationsoftherateofclimb
attributableto turbulenceat forentireruns(about~ tin)derived
previouslyareshowninthefigure.Thefigurethuspresentsthenet
standardeviationintherateof climbthatmaybe attributedto
turbulentconditionsa a functionofrunduration.Simpleanalytical .
—
+
,
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considerations(appendixB)
withthesquarerootofrun
where K isa constantand
wereconsequentlyfittedto
9
Bugged that at shouldvsxyinversely
duration.Curvesof.theform
u = ~t-1/2
t istherundurationmeasuredinminutes,
thedataoffigure7 by themethodofleast
squares.Theresultsobtainedarealsoshowninthefigure.
Considerationofthestandardeviationsoftherateofclimbdue
toturbulenceshowninfigure5 inticatesthatforshortperiods,such
as1 minute,thestandardeviationintherateofclimbisverylarge,
roughly60and80 feetperminuteforthepresentests.Inasmuchas
theselargevaluesrepresenta sizableproportionoftheone-engine-
inoperativecltibpotentialofmoderntiansportairplanes,theircon-
siderationi thedevelopmentofclinibperformancestandardsappesrsto
be wsrranted.Fortunately,thestandardeviationoftherateof climb
decreasesrapidlywithrundurationandisroughly24 and30feetper
minutefor5-minuteruns. Conse@ently,forlongperio~ofclinibclear
ofterrainobstacles,the‘effectof turbulenceof thetyperepresented
inthepresentestson therateof climbmaybe consideredsmalland
perhapsnegligible.
Examinationffigure5 indicatesthat,forthedataobtainedfrom
therearward-center-of-gravitytests,thefittedcurveis ingoodagree-
mentwiththedata.Fortheforward-center-of-~avitytestresults,the
agreementbetweendatapointsandfittedcurveisnotsogood,thefitted
curyeyieldingappreciablyhighervaluesfor at forthe4-and5-minute
runsthantheobservedata.It does,however,appeareasonableto
assumethatthesqusre-rootrelationyieldsanadequateapproximationto .
therelation.
Implications.- Thepresentresultsindicatethenatureandorder
ofmagnitudeoftheeffectofturbulenceofthetyperepresentedinthe
presentestsontherealizableperformanceofan airplaneinroughair.
Inasmuchastheone-engine-inoperativeclimbperformanceoftransports
(especiallyincivilaviation)isatleastseveralhundredfeetperminute;
turbulenceofthetypeinvestigatedwill,undermostconditions,have
a smalleffectontheperformancer alized.Forflightstagesof short
duration,however,suchasthoseassociatedwiththetake-offand
approachconditionsandinparticularforflightoverterrainobstacles,
theeffectsofturbulenceasindicatedbythepresentestsmaybe of
sufficientmagnitudetobe critical.,
Theextra@ationofthepresentresultstomoresevereturbulent
a conditionsi somewhatconjectural.Forturbulenceofthesametypebut
... ———
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ofgreaterintensi~jtheeffectsonthemeanrateof climbmayhe
expectedtobe smallwhilethevariationsintherateof clinbmaybe
expectedtobe largerthanthevaluesobtainedinthepresentInvesti.
gation.Theeffectsofturbulenceon climbperformanceassociatedwith
themoreviolentatmosphericmotionspresentin suchphenomenasthunder-
storms,air-massfrontalstorms,orflowoverroughorslopingterrain
cannotbe inferredfromthepresentresults.Theeffectsofairmotions
ontherealizableperformanceinthesecasesareprobablyoffargreater
orderofmagnitude.Fortunately,theseatmosphericconditionsare
encounteredrelativelyinfrequentlyandarethereforenotsopertinent
tothereduced-powercaseoftheone-engine-inoperativecondition.
CONCLUSIONS
Theanalysis ofdataobtainedfroma seriesof single-engineclimb
testswitha twin-engfnetransportairplanein smoothalrandlight
turbulencehasindicatedthefollowingresults:
.
1.Theaveragerateof climbfora seriesof climbsisunaffected
by turbulenceofthetypeconsidered.
2.Thestandardeviationof therateof climbforthetestruns
wassignificantlygreaterinroughairthaninsmoothair;thisresult
indicatesanappreciableeffectofturbulenceonthevariationsin
~rformancebetweenclimbruns.
3. Thestandardeviationof therateof climbbetween
decreasesrapidlywhentheclinibdurationisincreasedfrom
Thestandardeviationoftherateof climbattributableto
appesrstovsxyinverselywiththedurationo“ftheclimb.
runs
1 to5 minutes.
turbulence
4.Theeffectsofatmosphericturbulenceonthevariationsinthe
rateof climbappesredtobe largelyindependentofthecenter-of-gravity
psition.
LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics
LangleyField,Vs.,June21,1951
.
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APPENDlxA
where
CLIMBPERFORMANCEREDUCTIONECJJYTIONS
GeometricRateofClimb
Thegeometricrateof cltibwasobtainedby thefo~owingrelation:
R
Ahp
At
T
T~
R
&p T
=——
At Ts
geometricrateof climb,ft/min
changeinpressqrealtitudeobtainedfromaltheter,ft
timedurationofrun,min
absoluteaveragetemperaturedurimrun,OF
standardabsolutetemperatureataveragealtitudeofrun,%
(Al)
Corrections
Inasmuchasthecorrectionsinvolvedonlyminordeparturesfrom
thedesiredconstantestconditions,approxtiatecorrectionswerecon-
sideredadequate.
forthefollowing
presentests:
(1) A fixed
(2) A fixed
(3) A fixed
Correctionsto themeasuredratesof climbweremade
conditionswhich
powerof950hp
weightof24,2CQ
standardensity
wereassumedtobe standsrdforthe
lb
altitudeof4,000ft
Forthel-mSnute-climbdata,a correctionwasalsomadeforloss
orgainofkineticenergydueto-changesinairspeedfrombeginning-to
endofrun.
Thefollowingrelationswereusedintheperformancer ductions.
.-
—.
—.
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Correctionforpower.-Therateof climbmaybe expressedas
R = 330w7 88Dv-—w
where
l-l propellerefficiency
w airplaneweight,lb
D airplanedrag,lb
v airspeed,mph
B brakehorsepower,hp
Iftheindicatedairspeedia assumedto
Forthepresentresultsthevalues
n = 0.75
. B= 950hp
w= 24,200lb
thatwereusedare
dg= -0.0003perhp
liB
andthecorrectionto therateof cl~ forpoweris
N?= 0.6ft/min/bhp
Correctionforairplaneweight.- Fromequation
shownthat
‘+++2(88:(Div!l
(M)
be constant,
.
)
+~q
qm (A3)
(A4)
(A2)it canbe
(A5)
.
*
—..——.
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whereDi is theinducedrag.Usingvsluesforthepresentestsof
W = 24,2oolb
V = 102mph
Di = 1,260lb “
R = 160ft/min
,
givesa correctiontorateof climbforairplane
.
AR% -0.04ft/min/lb
weightof
(A6)
Correctionfordensityaltitude.-Forthepresentestconditions
atroughlyconstantindicatedairspeed,dynamicpressureqmaybe
assumedtobe constant.Fromequation(A2)andthedefinitionf q,
thefollowingrelatioumaybe obtained:
m
_=-w DdVdp
‘id Wdpq
and
dV lV
—=-—_
@ 2p
where
P airdensi~,slugs/cuft
D airplanedrag,lb
‘d densityaltitude,ft
Forthe“averagevaluesof
V = 102mph
P = o.oo2112slug/cuft
‘(A7)
(A8)
—— ——
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-4
%= -0.64X 10-7slug-ft
D = 1,750lb
thecorrectiontorateof climbfordensitysltitudeis
~ * -10ft/min/1000ftdensi@altitude , (A9)
Correctionforspeedchange.-It isassumedthattheenergygained
orlostby an airspeedchangemaybe convertedtopotentialenerg or
heightandthattheairplanerateofclimbis constantwithairspeedfor
thesmallairspeedchangesbeingconsidered.Equatingthechangein
potentialenergytothechangeinld.neticener~ gives
Ahg.’@
whereAh istheheightchangein
theequivalentheightmaybe given
Ahrn—
-g
2
feet.Fora given
approximatelyby
V ‘V
or,intermsofrateof climb
In termsof indicatedairspeed
mw
Forthepresentests ul/~
AR% 8 ft/min/raph
(Ale)
changeinairspeed,
.
(All)
Umv, equation(All)maybe expressedas
(311%‘(i%)
Ug At (A12)
= 97mphand
changeinindicatedairspeed/rein(A13)
— .
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TEESTANDARDEVIATIONOFTHERATEOF
~CE ANDDUR&TION
Thefollowingconsiderationsappesrto
To
offera physicalbasisfor
theformoftherelationbetweenthestandardeviationoftherateof
climbattributableto turbulenceandrunduration.Assumethefollowing:
‘ (1)Theeffectofturbulenceontherateofclimbina givenunit
oftimeisto addanincrementof climbAR totheairplanerateof
climb.
(2)Theincrementof climbAR isa randomvsriablewitha standard
deviationUR. Fora givenrunduration,thedeviationoftherateof
cllmbfroma hypothetical
(AR)n=
still-airvalueisthengivenby
(AR)l+ (L!R)2+ . l . + (m)n (Bl)
n
where n (histhenumberoftimeunitsand dR is
climbfortheithunitoftime.
Thevsrianceoftherateofclimbfora number
oftimedurationisthengivenby
theincrementof
ofrunsofn units
‘hre ‘ij isthecoefficientof
(B2)
correlationbetweentherateof climb
intheithandjththe interval.
If rij= O, equation(B2)reducesto
() r()2 UR 2aRn= n
— - . ——.— —
—— —.——. .-
.. -—. .
or () UR‘Rn=~
.
Thus,thestandardeviationoftherateof
thesquarerootofthedurationofrun.
NACATN 24$38
,
(B3)
.
climbvariesinverselywith
ThedataoftableIVwereusedtoevaluatethecoefficientsof
comel-ation‘ij” Theresultsindicatedthatfortheunitoftime
used(1tin) rij couldbe assumedtobe equaltozero.
*
.
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TABLE I
CHARACTERISTICS
wing
Mean
Wing
area,
. . . . . .
Sqft...
.
.
geometricchord,ft
loading,lb/sqft
Engin e........
.
.
.
.
.
Take-offpowerrating,hp
.
.
.
.
.
.
Normalmaximumpowerrating,
Weight(average),lb . . .
Emptyweight,lb . . . . .
.
.
.
.
.
.
.
.
.
.
.
.
b
. .
. .
.
.
.
.
.
.
.
.
.
.
.
.
.
.
l
.
l
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
l
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
. 95
. 987
. 10.4
. 25.3
PrattandWhitney
. . . . . . . . . . . 1,200
. . . . . . . . . . l 1,050
. . . . . . . 24,2oo* 300.
. . . . . . . . . . 18,600
,
.
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TABLEII
SUMMAWOFPERFORMANCEANDTORWIENCEDNllA
(a)Forwardcenterofgravi@
RateofDuration*W
light , Numberofaccelerationperofrun minutegreaterthan- Turbulence
(~”) (ft~min)
o.05g O.lg o.15g o.2g o.2’jgO.gg *S
9 4.98 123 U.8 2.8 0.2 II
153 19.6 .4 II
::$ 183 21_.8 ::! 1.8 0.6 m
4.E!a 185 18.2 .4 . .2 n
4.&l 165 19.8 5:2 .8 m
10 4.91 145 21.8 2.0 .6 III
4.85 141 23.4 ::! 1.0 III
4.95 132 23.2 3.0 III
4.85 1.13 19.4 9:0 4.0 2.0 0.4 0.2 IIZ
xl. 4.65 143 11.2 .2 II
4.98 176 1.1.4 :; II
4.83 159 9.6 1.2 n
* 4.89 164 8.2 .4 II4.72 Llg 6.8 .4 II
4.93 172 5.8 I
4.75 153 7.4 .6 II
12 181 .2 I
::Z 137 1:: I
4.97 131 I
4.g5 l% 2.6 n
4.95 151 17.8 5:2 1.6 .4 III
13 167 1.0 I
::g 165 1.0 I
169 1.6 I$g 159 1.0 I
154 1.6 . I
;:: 151 ‘ 3.4 .2 II
14 4.97 165 Z5.2 8.0 1.8 .4 IIZ
4.M m 25.6 15.2 5.2“’ .8 .2 ~ m
4.83 234 28.o 14.6 4.4 3.2 .2 m
4.78 189 27.6 9.6 2.3 .4 III
128 ‘ 22.2 2.6 . .2 .2 .
::;
III
M9 1.8.6 ::: 1.0’ ,.4 .2 In
2
15 4.93
-. .
157 .6 - I
4.83 145 1.2 I
4.93 167 -.4 I
4.93 169 1.6 I
4.92 159 1.0 I
16 ;.5$ 109 13.0 2.0 II
1-1.5- 15.0 3.2 .2 II
4:95 80 17.2 1.2 ,2 .“ II
4.72 154 15.2 .2 II
4.90 log I-8.2 ::: .6 II”
.
‘+s=--
.
— -.
—. _——
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TABIEII- cOtiuaea
smmlARYoFPmFf3wmm TuRmLmc!E DATA- concluded
(b)Reawardcenterof~avi~
RateofDuration _
?light ofrun * Numberofaccelerationperminutegreat-than- Turbulence
(tin) clamo.Oyg O.lg(ftjuill) . 0.lyg o.2g o.~g o.3g
17 k.T2 164 1.8 I
4.85 1~ 1.0 I
4.9?2 181 1.4 I
4.85 169 3.0 I
4.& l& .4 I
18 5.07 1~ 1.8 .2 ‘ n
174 I
::G MO :: I
4.95 167 1.4 .4 n’
4.90 181 1.8 .4 H
4.70 1~ .8 I
20 4.85 1~ 1.6 .2 n
4.73 .176 1.6 I
5.00 .4 I
5.00 la >.0 I
4.51 1% .8 .2 *JI
5.00 lq’ 1.6 I
21. 4.90 1X 13.0 1.4 II
4.97 161 22.6 6.6 .6 .4 In
4.90 168 26.4 1.8 1.0 III
5.OQ 174 29.0 ;:; 2.0 .8 III
4.75 201 23.2 9.0 2.2 In
4.90 165 13.2 2.2 II
22 4.97 141 25.0 ~.: ;.; .4 .2 HI
4.95t lg8 22.4 III
5.00 1~ 21.2 6:6 2:4 .4 ITI
4.92 1$Z2 21.4 7.8 :: .2 III
4.97 139 3f3.2 4.4 1:: .4 II
4.92 149 16.8 5.4 .4 III
23 4.92 224 25.2 1o.4 2.0 .6 III
5.02 140 25.0 9.2 1.2 .8 .2 In
4.87 19 23.8 12.2 3.4 .6 .2 .2 IIC
161 23.6 9.0 2.6 .4
::%
III
163 24.8 9.4 2.4 .6 III
5.00 1$X) 16.2 6.o .4 III
24 4.98 163 1.6 I
4.98 203 .2 I
4.48 1$Z2 1.6 I
5.00 lg 1.0 I
4.68 153 .6 I
4.ea l$n 1.4 I
25 4.98 144 14.8 n
k.72 13 10.0 2:: 2.2 1.0 .2 III
4.97 161 26.6 14.4 u ;.; .6 .4 III
4.95 164 27.8 13.6 6.2 .2 IJI
4.&3 169 17.6 9.0 3.6 1:0 III
4.90 log 20.4 7.6 2.8 1.O :: III
.
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STATISTICAL
?urbulence
class
Meanrate
of”climb,
R
OFCLIMB
Standard
deviationof
rateof climb,
UR
(*)
III
PERFoRMANmTEST
Standard
deviation
ofmean
rateof climb,
cr_
(:)
Forwardcenterof@avity
RESULTS
Numberof
observations,
N
I 159.4 13.9 14
II 140.8 28.5 ;:: ‘ 16
III 162.8 32.6 9.0 13
Resrwardcenterofgravity
I
II
III
178.4 13.5 3.2 18
164.7 16.7 5.6 9
169.8 27.5 6.2 20
—. -————. -
TABLE Iv
2Ul@ARYOF PERYOFMANCEDATA
(a) Forwmd center
—
Rate of climb (ft/rein)
Flight 1st 2cl 3d kth
Turbulence
minutebinutetinutetinute clm B
9 142 171 67 II
207 236 117 1;; IT.
187 171 2-20 III
201 142 167 12.2 11
153 177 ly3 138 III
10
1-1.
12
145 155 lW 217 III
165 182 1.24
2?: 56 ly 168
III
HI
185 134 133 107 III
21.3 m 125 174 II
116 Iq lea 164 II
163 124 189 154 II
176 168 158 156 II
87 133 82 143 II
198 l-a5 14.9 103 I
119 k25 154 248 II
21.1 152 ml 190 I
1.14 132 178 175 I
194 14.9 116 100 I
115 199 ml 138 II
1- 164 la) 145 nI
FOR l-MINUTERUNB
of ,gavi*
\ Rate of cltib (ftmln)
M
3a 4th
Turbulence
oinutaminute clam
13 168 157
164 165
173 186
191 158
175 1P
151 75
m
I
170 1~
236
3% 203
15
16
1% 191
155 143
168 M-6
1.63 14.9
135 163
i
77 156
go 163
124
z 105
($$ 138
1
174 1X
165 167
165 176
155 185
137 166
157 158
-=K
152
288 J;
347 lo4
1.1o El-2
146 122
I
I
I
I
I
II
III
III
lXI
III
III
III
169 14g I
138 144 I
191 189 I
X)7 151 I
173 148 I
w
=@P-
ro
ro
I
TARm Iv - concluded
SU141AWOF PEWORMMCB DATA FOR 1-MINTEERUNS - Concluded
(b)Rearwardcenterof
.,
w
-L-L17 167 17515g 225201 l%200 1532CCJ ‘zu
iL18 161 204mom174 Mll!m 172201 204204 in
u20 134 159162 185203 175KG! m)163 202175 1$)6
-Ll-21 1~ 213143 10I’146, 142240 105264 1.231% 245
M@?
3d
udnulx
m)
1J19
1~
170
182
138
l@
lea
161
ly
148
19
207
156
167
185
154
91
lyl
204
$2
109
=1--) bth !Nmbulencnlnute clam
144 1
150 1
138 1
154 1
163 1
176 11
1~ 1
159 1
165 II
155 11
191 n
3.28 1
172 1
130 1
161 II
176 I I
la9 II
=6 III
145 III
172. III
179 lZI
178 II
Flight
22
23
24
2-5
ravity
Rat
lEt
minute
75
144
145
39
113
161
210
154
85
59
108
IJ26
199
220
$75
1P
109
174
59
177
101
186
135
81
of Clb
2d
minute
234
172
128
289
142
57
231
%
155
!222
215
226
247
222
L64
158
171
18I.
75
198
138
176
w
m153 lo~ III249 167 III333 III145 231 III196 ly. II150 166 III
219
109
176
123
231
175
162
220
228
221
167
184
204 I III127 III
251 III .
l% III
t
lea Ill
2>3 III
m I
145 I
140 I
196 I
196 I
211 I
206 168 I II92 % III
137 I 235 I III
132 I 192 I IIIMa 269 III
100 143 III
‘IEE
us I I alMaII I ml m I
otardn’d
dnlie,+dorl nlmhr of fan rntu &’%wof d%% Btad5d matibXber of man rab Maon cd
Of Imm
hmiation M- U
ObBarvatiRLB, or u, ra’u of &m&n Obumtk+u, or CJumb, rats of Ofmnn *H-,
rab Of w, H
r
OMmb, ma of Cumb, n R OIM, rote Of climb, m
~
% “E! ‘R
:
3,8 % @,Q U.? 6.1 6b *.7 65.3 11.8 P
3.9 09 C@ce w.6 6,T s l@.’l .$?)3 U!.2 C%
3.3 14 M.2 ?J.O 7.8 16 163.7 37.6 9.6 13
I I
clun I OIMm n C&am
fl~ Stam@rd tltati Wcu&rd
l arl lab .&tiatio!l or dwlatim Mlmbll’of Man mb ~
Rard5.a B+AmkId
ion of dmintim
r u, ratu of of m
~~ manmta d.nmtion of amlmtim
C&l.YHationo, of m, i-ah of of man ~om, of C.1.M, rata or d-
F
Cllmh, rab of U, n
F
clfmb, rab of ~, n
%
E
rsb or Cllmb,
% %
UK T’
“R
rrr.7 W. 6 3.k m M.7 36.4 6.1 36 lP!h 65.5 7.3
177.7 u.6 3.6 % *.7 2!.2 >.7 U3 170.4 45.3 7.2
I
ui7.7 14.9 3.5 12 m.-i I.1..o 3.7 9 lm.h 33.3 7.4
T
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m
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Figure2.-Standardeviationoftherateof climbas a
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(a)Forwardcenterofgravity.
Figure3.- Probabilityofthe~ateof climbfallingbelowtheindicated
valuesforsraoothandroughair.
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(b)R?arwardcenterofgravity,
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Figure3.- Concluded.
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(a) Forward oenter of gratity. (b) Rearward oenter of gravity.
Figure4.- Standarddeviation of the rate of cklmbas a funotionof m
duration.
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Figure5.-Standarddeviationof cUmb attributableto turbulenceaa a
functionof run duration.
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